Xia-Gibbs syndrome (XGS: OMIM # 615829) results from de novo truncating mutations within the AT-Hook DNA Binding Motif Containing 1 gene (AHDC1). To further define the phenotypic and molecular spectrum of this disorder, we established an XGS Registry and recruited patients from a worldwide pool of approximately 60 probands. Additional de novo truncating mutations were observed among 25 individuals, extending both the known number of mutation sites and the range of positions within the coding region that were sensitive to alteration. Detailed phenotypic examination of 20 of these patients via clinical records review and data collection from additional surveys showed a wider age range than previously described. Data from developmental milestones showed evidence for delayed speech and that males were more severely affected. Neuroimaging from six available patients showed an associated thinning of the corpus callosum and posterior fossa cysts.
including the variable occurrence of seizures, the extent of anomalies detectable by brain magnetic resonance imaging (MRI), differences in the overall levels of cognitive function, the age of language development, and the possible presence of aggressive or unruly behavior in some cases (Xia et al., 2014; Yang et al., 2015) . Whether this reflects allelic heterogeneity and if specific genotype/phenotype correlations can be discerned, remains unknown.
Approximately 60 probands worldwide have now been identified through additional publication (Bosch et al., 2016; Garcia-Acero & Acosta, 2017; Miller et al., 2017; Park, Kim, Jang, & Jang, 2017; Quintero-Rivera et al., 2015) , self-referral, physician contact, and social media. XGS is, therefore, an example of a disorder where the diagnostic impact of whole-exome sequencing, when combined with social media, has allowed families to rapidly build networks, establish support groups, and participate as stakeholders in research (Enns et al., 2014) .
To more systematically evaluate the consequences of de novo truncating mutations in this gene, and to provide a resource for the future study of XGS and AHDC1-related disorders, we established an XGS Registry to gather genotype and phenotype data from multiple families.
The detailed evaluation of the molecular and clinical spectrum of 20 cases provides a basis for both improved forecast of prognoses and support for research studies.
| M E TH ODS

| Identification of AHDC1 families
Sixty families were identified worldwide via self-reporting, physician referral, and social media.
| Registry
A Registry was established utilizing RedCap (Research Electronic Data
Capture), which is a secure, web-based application designed to support data capture for research studies (Harris et al., 2009 ). This application was initially housed in a health insurance portability and accountability act of 1996 (HIPAA) compliant environment hosted by Amazon Web Services and later migrated to a local, compliant host.
| Ethics, consent, and permissions
The infrastructure for the Registry and outreach to identified probands clinical observations from the survey data were clarified by the family and physicians. Additional medical records and MRI images were also obtained for some of the subjects. Available MRI images were independently reviewed by a pediatric neuroradiologist (JVH).
| Facial feature analysis
Facial feature analyses were performed using the Facial Dysmorphology Novel Analysis software (FDNA, Inc., Boston, MA) and facial images provided by families. A mask depicting the composite, characteristic appearance of XGS was created.
| Data analysis
Statistical analyses were performed using R. The Fisher exact test was used to compare the language ability between male and female patients. A binomial test was used to compare the prevalence of scoliosis in the patients with the frequency in the general population.
| RE S U L TS
3.1 | Overview of the patients, gene, and AHDC1 mutations Twenty individuals with de novo truncating AHDC1 mutations had detailed clinical assessments and were included for the phenotypic comparison described in this study. These individuals represent a subset of the 60 families described worldwide as of November 2017, for whom our review of the available records of mutation data was consistent with a molecular XGS diagnosis in 34 families. Of these 34 families, 25 joined the registry and all but five families provided sufficient clinical data for inclusion.
The 20 described individuals include 6 previously published and 14 novel cases. Medical records were sought and successfully obtained for 18 of the probands, while two others were determined to have already provided sufficient clinical information. MRI images and reports were collected and independently reviewed by a pediatric neuroradiologist, for six cases.
We directly confirmed the presence of the AHDC1 mutations by sanger DNA sequencing in 13 individuals, where samples were available to be tested. The confidence in the accuracy of the mutation data from the remaining seven cases was based upon the availability of clinical diagnostic reports from major providers. Figure 1 shows the position of all 25 mutations from XGS patients in the Registry. In five of the cases described here, we also had data from whole-exome sequencing and we considered other gene candidates as contributing to disease, apart from AHDC1. We were able to exclude all such candidates based on phenotype mismatch, frequency, or lack of a second variant contributing to an established recessive mode of inheritance (Supporting Information Table S1 ). A de novo NF1 variant reported in one individual was also excluded as contributing to the clinical profile, due to the phenotype mismatch.
In addition to the more severely affected individuals with truncating mutations who are included in the Registry, one less severe case has been putatively associated with a de novo heterozygous missense mutation in AHDC1. This patient is diagnosed with autism spectrum disorder, without other reported features of XGS. Confirmation of missense mutations leading to mild phenotypes would be of considerable interest for delineating gene function and disease pathology. At this time, however, it is impossible to eliminate mutations in other loci as the cause of this patient's disorder. A search for variants contributing to this individual's phenotype is underway, and so these data are not included in the present report.
| Mutation position
The previously reported cases represented nine distinct mutations that spanned the amino acid positions in the AHDC1 gene product from codon 375 to 1,270 (Figure 1 ). In the present report, we now describe an additional 14 cases, including 11 novel AHDC1 truncating mutations, extending this range from codon 262 to 1,330 and doubling the number of known pathogenic mutation sites of AHDC1. There are three recurring mutations in our cohort, including the previously reported p. Database searches revealed functional domains within AHDC1, that are shared with REV3L (DNA polymerase zeta catalytic subunit) (Gan, Wittschieben, Wittschieben, & Wood, 2008) and/or KIAA2022 (Van Maldergem et al., 2013) . The cross-species alignments further revealed striking conservation across multiple domains with both REV3L and KIAA2022 (Figure 1 ; Supporting Information Figure S1 ).
| Patient phenotype
The current ascertainment of the clinical spectrum associated with XGS is described in Table 1 . Ascertainment for the reported cases includes data from initial clinical visits, family survey, and subsequent consultancy (see Supporting Information Table S2 for details). The 20 cases include 11 males and 9 females, with a median age of 8 years old. Two of the participants were more than 18 years old.
| Language and cognitive ability 3.4.1 | Overall cognitive ability
A diagnosis of autism, or autism spectrum disorder, had previously been reported in 5 of the 20 patients described here (25%). Methods for assessing autism spectrum disorder can be heterogeneous, hence we used the modified checklist for autism in toddlers (M-CHAT) as a standardized method to assess cognitive ability in the individuals in the cohort (Robins et al., 2014) . This tool is widely used as a preliminary screen for children to identify increased autism risk, for which a formal, full neuropsychological evaluation would be recommended. In general practice, those who have a score indicating medium or high risk of autism will receive further testing. The 20 patients had a median M-CHAT score of 8 (0$14). Of these, 5 (25%) had an M-CHAT score less than 2, which is considered low risk for autism, 4 (20%) had an M-CHAT score between 3$7, at medium risk for autism, and 11 (55%) had an M-CHAT score between 8$20 and were at high risk for autism.
All five individuals who had been diagnosed with autism, or autism spectrum disorder prior to this study, had an M-CHAT score higher than 8 (Figure 2a ).
In addition to M-CHAT, the patients were assessed on their language skills and on the capability to follow simple commands (Figure 2b,c) . A total of 18 (90%) of 20 patients were reported as able to follow simple commands, with a median age of 3.9 (1.5$8) years (Figure 2c ). Among the 12 patients who use at least one word other than "mama"
or "dada," the median age for using one word is 2.75 (1$5) years, while the median age for using two words together is 3.5 (2$6) years ( Figure   2c ). These data are consistent with a relationship between gender and speech as male patients are significantly more likely to be nonverbal than female patients (p < .01). One of the male patients is 2 years old, which is younger than the median age at which first words were spoken, however, the p value is still <.01 when he is removed from this analysis. It is noteworthy that all the patients reported with no speech are male (Figure 2b ).
| Correlation of M-CHAT and speech
Multilinear regression showed that a linear relationship exists between the M-CHAT score, the square root of age and language capability ratings (0 5 nonverbal; 1 5 using less than 50 words; 2 5 not using sentence but using more than 50 words; 3 5 using sentences with a vocabulary of more than 200 words). The equation is:
M2CHAT score 5 1:99 Ã sqrt age ð Þ-2:27 Ã language capability rating adjusted R 2 5 0:42
This indicates that the M-CHAT score increases with age, but the rate of increase slows down with the gain of age. It also suggested for patients of the same age, for every point increase in language capability rating, the M-CHAT score decreases by approximately 2 points. 
| Seizures
Seizures were reported in 6 out of 20 (30%) patients. The median onset age of seizure is 4 years old (9 months$12 years old). An abnormal EEG was reported in three out of these six (50%) patients.
| Timing of walking
Independent walking is reported in 16 out of 20 patients (80%), with median beginning walking age of 2.5 (1.5$6) years. All the patients who are not able to walk independently are male. However, there is no significant difference between the ability to walk independently between male and female patients (p 5 .09). Hypotonia is reported in 18 out of 20 patients (90%). (Konieczny, Senyurt, & Krauspe, 2013; Mirtz, Thompson, Greene, Wyatt, & Akagi, 2005) . No sex bias was apparent.
| Airway/Sleep
Sleep apnea was reported in 9 out of 20 patients (45%), three of these nine patients (33.3%) use respiratory support during sleep.
| Vision
Strabismus was reported in 8 out of 20 patients (40%).
| Dysmorphic features
Facial features (Figure 4a ) consistently revealed dysmorphic features such as broad forehead, hypertelorism, flat nasal bridge, and thin upper lip (Table 1 ). These features are also shown in the composite mask depicting the characteristic appearance of XGS patients (Figure 4b ). To date, no patient has been clinically diagnosed based on a recognizable pattern of facial dysmorphisms, or a facial gestalt.
| Aggressive behaviors
Aggressive behavior in at least one patient was suggested by Yang et al. (2015) . We were unable to ascertain any history of overtly aggressive behavior in the reported cases, although several parents described a history of self-injury.
| Genotype and phenotype association
To explore the correlation between the specific site of mutation and phenotype, we compared three sets of patients who share the same mutations. Patients 1, 10, 18, and 19 share mutation p. To further explore correlations between the mutations and phenotypes, multiple phenotypes were plotted against the mutation sites (data not shown). No significant association was observed.
| D I SCUSSION
The ability to aggregate data from the observation and care of individuals with XGS is a key step for clinical management, family counseling, and molecular research into the condition. A concerted effort to identify patients worldwide has identified approximately 60 families, of whom 20 are described in detail here, including 14 not previously reported. The ascertainment combined records from initial clinical visits and subsequent clinical and family-reported findings.
Previously known truncating mutations in AHDC1 leading to XGS were observed to cluster around the middle of the coding region (from p.Gly375Argfs * 3 to p.Gln1270Argfs * 75), and this report expands these positional boundaries (from p.Gln262* to p.Ser1330*, Figure 1 ). Importantly, the number of different known variants increased, revealing the sensitivity of the protein to truncating events throughout much of its length. All mutations discussed here are de novo in the proband. The mutations each are truncating and lead to a shorter predicted protein. Domains are shared with KIAA2022 and REV3L. KIAA2022 is a target for truncating mutations that cause intellectual disability (Van Maldergem et al., 2013) . REV3L is the catalytic subunit of polymerase zeta and is implicated in genome stability and DNA translesion repair (Gan et al., 2008) and it is therefore conceivable that AHDC1 mutations may interfere with DNA repair. Previous work has shown the interaction of AHDC1 with Tax Interaction Protein 1 which was proposed to occur in vivo under DNA damaging conditions (Shalaby, Hampson, Oliver, & Hampson, 2012) , supporting this model. Bainbridge et al., 2013) and follow up discovery of additional truncating mutations (Balasubramanian et al., 2017) . Recently, however, compound missense heterozygous alleles in ASXL3 have been suggested to cause a mild form of BRS in one patient (Giri et al., 2017) and by analogy, future observation of missense mutations in AHDC1 leading to pathogenicity cannot be discounted.
The absence of well-characterized cases in this cohort with large deletions that either interrupt or overlap the gene may reflect a dominant negative mechanism of pathogenesis or the difficulties of precise ascertainment of the disorder. We note one published (Park et al., 2017) and twelve patients with copy number loss or gain covering regions of the genome ranging from 39kb to 19Mb at or near AHDC1, recorded in the DECIPHER database (Firth et al., 2009 ; https://decipher.sanger.ac.uk/ search?q5AHDC1#consented-patients/results). One has thinning of the corpus callosum (Park et al, 2017) . Seven of these share similar phenotypes with XGS patients such as developmental delay, hypotonia, and dysmorphic features, one has "ankyloglossia" and four have no phenotype information available. The interpretation of the phenotypes of these FIG URE 4 (a) Frontal face images of some of the patients (accession number in this study are shown at top left corner) (b) A computer generated masking depicting the characteristic features of Xia-Gibbs syndrome. This image was generated using the FDNA software. Overlapping features include a broad forehead, hypertelorism, flat nasal bridge, and thin upper lip patients is confounded by the presence of genes near AHDC1 for which mutation can independently result in developmental disorders (Rocha, Vasques, Santos, & Paiva, 2016 larger numbers of patients will be needed to be analyzed.
The participating families indicated a wider range of patients' age than previously recognized. The median age was 8 years-but two of the patients were adults (nineteen or older). As this is a newly described syndrome and younger children are more likely to seek genetic diagnosis, the true age distribution in the population is not known. This is a particularly important question for families as they plan ongoing care. The parents of older children reported challenging behavioral issues during puberty but declined to describe the patients as aggressive.
Approximately one-half of the patients either had a diagnosis of autism, autism spectrum disorder or were considered at high risk due to their M-CHAT assessment. The precise relationship between ASD and ID is controversial and complex (Matson & Shoemaker, 2009 ). In general, the younger children in this group exhibit hallmarks of ID, however, the relative cognitive abilities of older children reveal higher function and therefore are more likely to suggest ASD. Relatedly, ASD has an elevated frequency in males (Matson & Shoemaker, 2009) , and the data here from the assessment of language capabilities suggest that male XGS patients are significantly more likely to be nonverbal than female patients. This feature warrants further investigation.
Previous reports on XGS have focused on somewhat different clinical features. In particular, clarification of the neurological features was more in-depth from this larger group of subjects. We observed that six patients (30%) developed seizures, while 13 (65%) had ataxia, in line with previous reports, further reinforcing the CNS involvement in XGS.
Upper airway abnormalities also appear to be a common feature in XGS. In the original report, three of four probands had obstructive sleep apnea, and the fourth had suspected tracheomalacia in infancy (Xia et al., 2014) . Sleep apnea was present in 45% of the XGS cases described here, with many requiring continuous positive airway pressure at night. This suggests careful monitoring of airway function is essential and there should be a low threshold for referral to pulmonology.
A surprising finding from this detailed assessment was the frequency of scoliosis among XGS individuals. Scoliosis was not included as a characteristic phenotype in previous publications (only reported in Patient #2 in Yang et al., 2015) . However, the usual age-at-onset of the feature is 10$15 years old (Konieczny et al., 2013) while the median age for the 11 patients reported here was 5 years (1.5$16) at the time of publication. Our study, therefore, suggests that patients are at significantly increased risk for developing scoliosis and would benefit from an orthopedic referral when appropriate.
The evaluation here suggests several features of XGS for which early diagnosis and regular surveillance can be of clinical benefit. All individuals should undergo detailed assessment by a physician who is familiar with the condition, with annual (more frequent during the first years of life) assessments of growth including height, weight, and head circumference to identify those at risk of failure to thrive or short stature necessitating intervention, and clinical evaluation for scoliosis. Neurodevelopmental delay is a ubiquitous feature of this condition, and regular childhood developmental assessments with early initiation of therapies will maximize developmental potential. Given the high frequency of structural brain anomalies, a baseline brain MRI should be considered, particularly if neurologic abnormalities such as hypotonia are present on exam. Neurologic and ophthalmologic involvement in some individuals may warrant consultation by the appropriate special-
ists. An evaluation for obstructive sleep apnea as well as an upper airway assessment should also be considered. Together, these practices can both provide better clinical diagnosis and suggest management strategies for symptoms that may be more severe in individual cases.
XGS has multiple features overlapping with autism, suggesting that XGS should be on the differential for unexplained intellectual disability and developmental delays. There are likely older children, adolescents, and adults previously diagnosed with an autism spectrum disorder or intellectual disability who have XGS and would benefit from a clinical genetics referral.
